ABSTRACT The mechanism by which Haemophilus protects donor DNA from cellular restriction and degradative enzymes during transformation is unclear. In this report, we demonstrate that donor DNA enters Haemophilus influenzae through specialized membranous extensions, which we have termed "transformasomes." DNA within transformasomes is in a protected stateresistant to external DNase and cellular restriction enzymes, although remaining unmodified and double-stranded. The ability of donor DNA to exit from transformasomes is dependent on its topological conformation. Circular DNA remains intact within transformasomes, while linear DNA rapidly exits and undergoes homologous recombination. Protected donor DNA can be preferentially removed from the surface of competent cells by extraction with organic solvents. Structurally intact transformasomes containing donor DNA could be partitioned into the organic layer and can be further purified by density centrifugation.
Haemophilus influenzae is a Gram-negative bacterium that can be induced to high levels of competence for transformation under conditions of slowed growth (1) . Competent cells efficiently take up homologous donor DNA from the medium and integrate it into the chromosome to yield transformation rates of 1-3% for various genetic markers (for reviews, see refs. [2] [3] [4] [5] . Although various changes in outer and inner membrane composition have been observed during competence induction (6) (7) (8) (9) , little is known about the actual biochemistry and mechanics of DNA uptake. Furthermore, it is puzzling how donor DNA, which remains duplex after uptake, escapes restriction and degradation by cellular nucleases while awaiting integration. Recently, Kahn et al. (10) have suggested that specialized membranous extensions on the surface of competent cells might be responsible for capturing and protecting the donor DNA after uptake. By comparative morphological studies, these membranous structures were shown to appear on the surface of H. influenzae and Haemophilus parainfluenzae as they become competent (10, 11) . The structures extend "35 nm from the cell, average 20 nm in diameter, are located at points of fusion between the inner and outer membrane, and are composed of a lipid bilayer-predominantly outer membrane proteins (10, 12) and lipopolysaccharide. Pore structures with an opening of 5 nm are localized at points of attachment of the membranous extension to the outer membrane. (An electron micrograph of this structure is seen in Fig. 5 .)
Two lines of evidence implicate the membranous extensions as being the organelles responsible for DNA binding and uptake during transformation. First, membranous extensions are internalized as a consequence of the addition of homologous donor DNA to competent H. parainfluenzae cells, and membrane-donor DNA complexes have been isolated from mechanically disrupted cells (10) . Second, studies with competence-deficient vesicle-shedding mutants of both H. influenzae and H. parainfluenzae strongly suggest that the DNA binding activity associated with competent cultures resides exclusively on membranous extensions (9, 12) . From these observations, it has been proposed that during binding and uptake, donor DNA is in some way packaged into this unique membrane body, which we have renamed the "transformasome."
In this study, we follow the fate of cloned homologous DNA molecules during uptake and integration and characterize an intermediate in the transformation pathway-"the protected state." DNA in the protected state appears to be physically protected from cellular restriction and degradative enzymes, although unmethylated and double-stranded. Based on our ability to preferentially reisolate protected-state DNA as a DNAmembrane complex by extraction of cells with organic solvents, we present additional evidence that protected-state DNA resides in transformasomes.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. H. influenzae Rd, KW22 and KW23 (13), were grown in 2.5% heart infusion broth (Difco), supplemented with 10 ,4g of hemin (Eastman) and 2 ,ug of NAD (Sigma) per ml. Competent cells, routinely able to transform at 3% for chromosomal markers, were prepared in MIV media as described (1) . Plasmids pPUP3 (pBR322 containing an 11-basepair uptake site in the Pst I site) (14) and pCML6 were isolated from Escherichia coli strains HB101 (r-, m-, recA) and MM294 (endA hsdR) by the procedure of Birnboim and Doly (15) and were purified further by CsCl/ethidium bromide centrifugation (16 Fig. 1 .
Protection of Donor DNA from Restriction During Transformation. Our initial experiment was a time course of donor DNA uptake and integration during transformation. DNA was extracted from competent H. influenzae cells at various times after the addition of nick-translated linear pCML6. Analysis by autoradiography revealed that, at early time points, the majority of donor label appeared in a band indistinguishable from donor DNA (Fig. 2, lanes A-C) . At subsequent time points, donor label was present in a region of the gel that corresponded to chromosomal DNA (Fig. 2, lane D) . Because reisolated donor DNA remained significantly larger than pCML6 HindIII fragments (compare lanes B and F), we concluded that donor DNA was not restricted in vivo [some reisolated DNA was smaller than full-length donor DNA, probably because of degradation from an end but not from restriction (18) Exit of Donor DNA from the Protected State. After a 40-min incubation (Fig. 2, lane D) , the majority of the donor [32P]DNA label was localized in the chromosome. Because only a single strand becomes integrated (19) and homologous Haemophilus sequences comprise approximately 70% of pCML6, as much as 35% of the total radioactivity taken up by cells could become integrated into the chromosome. Therefore, upon digestion with a restriction enzyme, this integrated material should be entirely contained in either internal restriction fragments of pCML6 or in junction fragments in which one cleavage site is in pCML6 and the other is in the chromosome. However, after digestion with either BstEII (Fig. 2, lanes J and K) or EcoRI (Fig. 2, lanes  L and M) , 85-90% of the donor label was found to be randomly incorporated into chromosomal restriction fragments, and only 10-15% was incorporated into fragments representative of proper integration. These results suggest degradation of donor DNA and efficient random reincorporation of donor label into the chromosome.
In order to exclude the possibility of artifact due to our donor DNA having been grown in E. coli or the presence of heterologous pBR322 sequences on pCML6, various size classes of EcoRI-digested H. influenzae chromosomal DNA were isolated from low-melting agarose gels, nick-translated, and used as donor DNA in our uptake assay. Reisolated chromosomal DNA from cells allowed to take up this material for 60 min was cut with EcoRI and analyzed by autoradiography (Fig. 2, lanes N (20), we compared the fate of ccc, oc, and linear forms of plasmid pPUP3 in our radioactive-uptake assay. Consistent with our previous findings, linear pPUP3 molecules were entirely degraded after 60 min, and radioactivity associated with these molecules was reincorporated randomly into the chromosome (Fig. 3, lanes  M-O) . In contrast, a large percentage of the ccc DNA molecules taken up by the cells remained in the protected state, intact, after 60 min (Fig. 3, lanes G-I) . Radioactivity that was randomly incorporated into the chromosome was probably due to the degradation of linear and oc DNA molecules present in our preparation. The majority of oc DNA molecules was degraded and label was reincorporated into the chromosome; however, an appreciable percentage of molecules failed to exit from the protected state after 60 min (Fig. 3, lanes J-L) . These results indicate that ccc and some oc DNA molecules, although taken up efficiently by the cell, are unable to undergo further processing and exit from the protected state. This topological constraint suggested that circular DNA remained protected within a cellular structure. electron microscopy revealed essentially homogeneous transf somes (D), which still had DNA trapped within. A small peak a fraction 10 in Ccorresponds to the outer membrane and some free formasomes, whereas the broad peak at the top of the tube (lan B) represents naked degraded DNA. The peak at fraction 30 sponds to intact donor DNA released from transformasomes by pi acetone treatment (lane I inB). (Bars in electron micrographs = tected-state DNA into the organic phase was dependent presence of 1.5 M CsCl (see Table 1 ), presumably becai the greater solubility of lipopolysaccharide in phenol ti 1.5 M CsCl. After dialysis, material in the organic phase was shown by electron microscopy to be composed of membrane vesicles averaging 85 nm in diameter and membrane fragments heterogeneous in size (Fig. 4A) . Donor DNA contained in the phenol fraction was unable to enter a 0.4-1% agarose gel unless treated with either acetone or chloroform and boiled in 1% NaDodSO4. Much of the protected-state DNA also remained resistant to DNase and EcoRI digestion (data not shown). Therefore, we concluded that a membrane structure, the transformasome, was responsible for protecting donor DNA from digestion during transformation.
After purification, protected-state DNA from the phenol phase was analyzed on 1% agarose gels and was shown to have undergone degradation (Fig. 4B, lane D) . However, a comparison of DNA in the cell pellet versus that extracted by phenol indicated 4 that, in fact, we were removing preferentially the protected-state 6 DNA (Fig. 4B, lanes A-C) . Severe degradation of donor DNA resulted from any extraction procedure in. which the DNA entered the phenol phase and could be overcome by extraction of cells in 1.5 M CsCl with phenol/acetone, 1:1 (vol/vol), (Table  1 ; Fig. 4B , lanes E-J). Under these conditions, protected-state DNA could be recovered intact from the aqueous phase and was sensitive to DNase and restriction enzyme digestion (no 20 longer protected).
The sedimentation properties of protected-state DNA contained in phenol and phenol/acetone extracts of competent cells were compared (Fig. 4C) . The majority of donor [32P]DNA la- -15 bel contained in the phenol/acetone extract migrated as a sharp band containing intact donor pCML6 and a slower sedimenting band containing partially degraded pCML6 (as determined by -10 gel electrophoresis and electron microscopy). In contrast, donor [32P]DNA label contained in the phenol extract could be localized in a broad peak representing degraded donor DNA and in a pellet, which was shown by electron microscopy to 5 contain membrane vesicles, homogeneous in size (100 nm) (Fig.  4D ). DNA associated with these vesicles remained resistant to DNase and was unable to enter a 0.4% agarose gel (data not o shown).
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